High levels (µg/g lw) of polybrominated diphenyl ethers (PBDEs) and polychlorinated biphenyls (PCBs) were measured in peregrine falcon eggs from California (n ) 90 eggs from 52 birds, 38 nest sites, collected 1986-2007, ΣPBDEs median ) 4.53, range ) 0.08-53.1). Over the past 22 years, PBDE levels more than tripled each decade in the eggs, whereas PCB levels had no significant changes. PBDE levels were highest in eggs from major California cities ("Big Cities"), whereas PCBs showed no difference across the regions. For PBDEs, Big City eggs had markedly different patterns from Coastal eggs: BDE-209 and the higher brominated PBDEs (hexa-nona) were dominant congeners in Big City eggs, while BDE-47 and -99 were dominant in Coastal eggs. In many of the birds that gave multiple eggs over time ("time series"), PBDE patterns changed over time: the high proportions of BDE-209 and higher brominated PBDEs (short half-lives) in young birds contrasted with increasingly higher proportions of BDE-153 (long half-life) and other lower brominated PBDEs as the birds aged. These data are consistent with metabolic debromination of BDE-209 (t 1/2 ) 1-2 weeks) to the lower brominated PBDEs, with accumulation over time of BDE-153 (t 1/2 ) 3-4 years). In contrast, PCB patterns showed no differences by locations, and did not change over time. Diet (prey birds) may explain the urban PBDE pattern, as the patterns in urban pigeons and peregrines were similar, with high proportions of BDE-209 and the higher-brominated PBDEs. Also, our prey data (feathers from peregrine nests) showed urban peregrines having a higher proportion (>2 fold) of granivorous/opportunistic birds (e.g., "introduced feral" pigeons, mourning doves, starlings) in their diet than coastal peregrines. In summary, these data indicate that BDE-209 exits consumer products as an environmental contaminant to be taken up by wildlife (particularly in urban locations), and undergoes metabolic debromination to the banned lower-brominated PBDEs. High levels of the higher-brominated PBDE congeners, especially in urban locations, permitted accurate measures of relative proportions of homologues in each of the hexa-nona congener classes. Using the major hexa-nona homologues in each of these classes, we propose a pathway for the stepwise, metabolic debromination of BDE-209.
Introduction
Polybrominated diphenyl ethers (PBDEs) have been widely used as flame retardant additives in synthetic textiles in rugs, draperies, and upholstery, and in polyurethane foam and thermo-plastics found in a variety of consumer products and electronics. Presently, PBDEs are widely dispersed in the abiotic and biotic environments (1) . Three technical PBDE formulations (penta, octa, and deca) were produced in large volumes in the United States (7.1, 1.5, and 30 million tons/ yr, respectively, in 2001), representing about half of the world's PBDE production since the 1970s (2) . Penta-and octa-BDE mixtures are now banned in the European Union (EU) and California. However, production and use of the deca-BDE mixture (the major commercial PBDE formulation comprising 65-70% of total production) continues in North America and most of the U.S. This may pose a threat to wildlife and public health because BDE-209, the major component (>97%) of deca-BDE (3), bioaccumulates in wildlife, especially in the terrestrial food web (4) (5) (6) (7) (8) (9) (10) , and breaks down either via photolysis (11, 12) or enzymatic transformation (13) (14) (15) to lower brominated PBDEs. These PBDEs are known to be more bioavailable, persistent, and toxicologically active than the parent compound.
PBDEs are structurally similar to polychlorinated biphenyls (PCBs), and share many physicochemical properties (e.g., lipophilicity and persistence), although they are somewhat less stable. As with PCBs, elevated levels and distributions of PBDEs would be expected to continue for decades after any reduction in use or production. PBDE levels in wildlife and humans have been increasing over the past several decades (16) (17) (18) (19) , and these increases may continue as PBDEs exit from flame-retarded consumer products that are in use, or have been disposed of and/or recycled. PBDEs exert toxicological effects in humans and wildlife similar to those of the PCBs, including perturbed thyroid homeostasis; neurodevelopmental deficits; irreversible motor and behavior effects that worsen with age; altered reproductive function; immunotoxicity; deformed thyroid, liver, and kidney; and fetal toxicity/teratogenicity (1, 20) .
Our Wildlife Early Warning System (WEWS) has a long history (approximately 20 years) of measuring levels of industrial chemicals in California wildlife. We have measured levels of PBDEs in wildlife from the San Francisco Bay region, e.g., harbor seals (18) , fish (21, 22) , and terns (23) , as well as in adipose (18) , serum (24, 25) and breast milk samples from Californians (26, 27) . PBDE levels in California residents and aquatic wildlife were found to be among the highest in the world, with tetra-, penta-, and hexa-BDEs (BDE-47, -99, -100, -153, and -154) as the major congeners. In these samples (aquatic biota and humans), the more highly brominated hepta-deca congeners (e.g., BDE-183) were only minor components, with nondetect or trace levels of BDE-209. As a part of the WEWS program, PBDE and PCB levels were measured in peregrine falcon (Falco peregrinus) eggs and chicks. Peregrine falcons are a useful sentinel species for monitoring environmental organic contaminants because, as bird-eating raptors, they sit high on the aquatic/marine and terrestrial food chains, consuming prey from the aquatic (waders and ducks) and terrestrial (pigeons, starlings, and thrushes) environments, as well as migratory birds (28) . Peregrines can serve as indicators of regional differences in chemical pollution because they have strong pair-bonds with a single mate; long life spans of 12-15 years; stable nest locations with long-term residency (7-9 years); and yearly clutches of 3-5 eggs. In the 1960s, peregrines suffered almost complete reproductive failure (California's peregrine population at one point was reduced to a few breeding pairs) because of high DDT levels and consequent egg shell thinning (28) , and were placed on the endangered species list (29).
In this study, we measured levels of PCBs and PBDEs in peregrine falcon eggs and chicks that were collected and archived in California during 1986-2007. We compared levels and patterns of congeners in peregrine eggs collected in different California ecological regions (Big City, Rural, and Coastal). We also examined changes in levels and patterns over time, both in the population and in individual raptors. Based on the prevalence of BDE-209 and higher brominated congeners, we postulate a metabolic pathway for the transformation of BDE-209 to the lower brominated PBDEs.
Materials and Methods
Sample Collection. Peregrine falcon eggs and chicks were collected and archived in California over a 22-year period (1986-2007) as part of the Peregrine Recovery Program in response to DDT-induced egg-shell thinning and population collapse in the 1960s (29). Some samples were collected as addled eggs in nests when nestlings were banded. Other eggs were brought in for captive incubation after two weeks of nest incubation, and eggs that did not hatch were frozen and archived. Ninety eggs and 7 chicks collected from 56 peregrine falcons at 41 nest locations were used for analysis. Chick and egg data were assessed separately. Some birds (n ) 33) were represented by a single egg, while others (n ) 19) were represented by multiple eggs ("time-series" eggs, n ) 57), with each egg collected during a different year. Eggs were received frozen and were stored at -20°C until analysis.
Materials. Sample Analysis and Quality Assurance. Detailed information about sample analysis and quality assurance is provided in Supporting Information (S1). In summary, samples were lyophilized and extracted in an accelerated solvent extraction system (ASE200, Dionex, Sunnyvale, CA). A portion (3%) of extract was used for gravimetric fat determination. The remaining extract was cleaned up using a glass column and fractionated on a gel permeation column. PCBs and PBDEs were measured by isotope dilution/HRGC-HRMS using an Agilent 6890 GC (Agilent Technology Palo Alto, CA) coupled to a ThermoFinngan MAT95 (Bremen, Germany). Recoveries of PCB and PBDE internal standards (spiked after lyophilization) ranged from 42.9 ( 1.4% for 13 C 12 PCB-28 to 82.8 ( 1.5% for 13 C 12 PCB-105, and from 59.6 ( 4.3% for 13 C 12 BDE-209 to 90.7 ( 3.4% for 13 C 12 BDE-153. Statistical Analysis. The concentrations of PCBs and PBDEs were expressed on a lipid weight basis (lw) and logtransformed to make the data distributions more symmetrical. For ease of interpretation and comparison with other literature, the summary statistics presented throughout this text, and in Table 1 , are based on the untransformed values. These summaries are based on 52 eggs; in cases where there are multiple eggs from one bird, the geometric mean is used to present a single value. Parametric and nonparametric tests for the logged-PCB and PBDE data were conducted to determine differences between the ecological groups. t tests, Wilcoxon rank sum tests, and Generalized Estimating Equations (GEEs) (30) were used to test the difference in measures of location between the various groups. The p-values presented hereafter will refer to the p-value from the t tests. Unless stated otherwise, it may be assumed that similar p-values were also obtained from the other tests. GEEs were also used to explore temporal trends in PBDE and PCB levels, which were based on all 90 eggs. GEEs use a generalized linear model to estimate regression parameters and are relevant for longitudinal studies as they account for within-subject correlation. The R package, a language and environment for statistical computing, was used for all statistical analyses. Individual egg and chick data are provided in the Supporting Information (Tables S1 and S2 ).
Results and Discussion
Concentrations and Temporal Trends. ΣPBDE levels in peregrine falcon eggs and chicks are reported for the first time in California, and are among the highest ever found in biota, with levels in chicks significantly higher than those in eggs (p-value ) 0.0018) ( Table 1 ). The maximum Σ 15 PBDE value of 94.4 µg/g lw measured in a California peregrine chick is the highest PBDE level ever reported for wildlife. The ΣPBDE levels (µg/g lw) of California peregrine eggs (median 4.53, this study) and northeast U.S. peregrine eggs (median 7.66) (31) exceed those reported for eggs from European and Arctic peregrines (medians 1.90-3.10) (4, (32) (33) (34) , reflecting the greater usage of PBDEs in the U.S (2). Eggs were assigned to four ecological classifications based upon nest location: Big City, Coastal, Rural, and Other. For example, "Big City" refers to nest sites on high-rise office buildings in downtown areas of California's major cities (e.g., San Francisco, Los Angeles, San Diego, San Jose); "Coastal" refers to nest sites on California's coastal cliffs that are not near major cities (e.g., nests on Big Sur coastal cliffs); "Rural" refers to nest sites in remote rural areas, far from major population centers. The measure of the location of the ΣPBDE levels (µg/g lw) were significantly higher in Big City eggs (10.1) than in Coastal (2.38) or Rural samples (1.61), as were BDE-209 levels, where p-value < 0.001 for all four comparisons. BDE-209 was detected in all of our California samples, and exceeded 1.0 µg/g lw in 14 eggs and 2 chicks. A median BDE-209 level (1.00 µg/g lw) in Big City eggs is the highest median ever reported for eggs from peregrines or other species. Whereas most Big City eggs were collected during 1987-1999, five of the 31 Big City eggs were collected during 2000-2007. However, the difference in the median BDE-209 levels of Big City eggs from the early versus later collection periods is not statistically significant (at a 1% level of significance). Thus, the high median BDE-209 level seen in Big City eggs is not the consequence of a later collection dates. More likely, it represents high urban exposures to BDE-209.
The upper plot of Figure 1 shows the linear relationship between the sample collection year and the logged-PBDE data for both ΣPBDEs and BDE-153. Similarly, the lower plot of Figure 1 shows the relationship between the sample The eggs from multiple prey habitats were classified as "Other". N ) number of eggs, with eggs in a time-series represented by a single geometric mean value. Data for individual peregrine falcon eggs and chicks are provided in Tables S1A, S1B, S2A, and S2B.
collection year and the logged-PCB data. GEE analysis (which allows for within-bird correlations) confirms the findings of these graphical representations. Over the 22-year period during which the egg samples were collected, ΣPBDE levels in the California peregrine population more than tripled each decade. The GEE analysis showed a significant (p-value < 0.001) increase of 0.13 units of log(PBDE) per year; this corresponds to an increase of 3.67 per unit PBDE over 10 years (exp(0.13) 10 ) 3.67). BDE-153 was a major driving congener for this trend, as it has a long half-life (years) (35) and the time trend may reflect increasing BDE-153 bioaccumulation. Temporal increase of BDE-209 was not as significant (p-value ) 0.1) as that reported for peregrine eggs from the northeastern U.S. (31) . BDE-209 has a short halflife (weeks) in humans and starlings (35, 36) (38) . In contrast, levels of ΣPBDEs in European biota seem to be leveling off (39) , likely due to banned production and use of the PBDE mixture formulations.
In contrast, the GEE analysis indicates that PCB levels do not significantly change over the collection period (Figure 1,  bottom) . Nevertheless, median PCB levels in peregrine eggs and chicks are much higher than median PBDE concentrations (12-and 7-fold, respectively), even 30 years after the PCB ban (Table 1) . This differential will narrow over the next decades if the PCBs and PBDEs continue their respective time-trends. Similar temporal changes in PBDE and PCB levels were also seen in several individual "time-series" birds. PBDE levels were higher in Big City peregrines than in Coastal and Rural peregrines, while PCB levels were not significantly different across the groups, indicating different sources and pathways of exposure for these two families of contaminants.
Congener Patterns. PBDE congener patterns varied according to nest location, with Big City and Coastal eggs presenting striking contrasts: BDE-209 and the higher brominated PBDEs (hexa-nona) are dominant congeners in Big City eggs, while BDE-47 and -99 are dominant in Coastal eggs. Figure 2 shows congener patterns for the 90 California eggs, with eggs arranged in increasing order of percent fraction of BDE-47 + -99. Most Big City eggs are found on the left, where percent fraction of BDE-47 + -99 is low and higher-brominated congeners predominate. In contrast, most Coastal eggs are on the right, where lower-brominated congeners predominate. These data support findings from other studies, which indicated that terrestrial species experience greater exposure to the heavier PBDE congeners than do aquatic biota (6, 7, 10, 40) . PBDE patterns of the Coastal peregrine eggs mimic patterns found in our earlier studies of California's aquatic biota (fish, harbor seals, terns from San Francisco Bay), where lower brominated PBDEs (BDE-47, -99, and -100) predominated and BDE-209 was at nondetect or trace levels. The BDE-209 and other higher brominated PBDEs found in terrestrial species and Big City peregrine eggs must arise from consumption of either decaor octa-BDE commercial mixtures, likely via preening and/ or prey diet. The deca-mixture is the more likely source, as it has comprised 65-70% of total PBDE production over the past two decades. Additional support for the deca mixture comes from our prey data. We classified feathers of prey at 38 peregrine nest sites for different years, creating 181 nestyears of prey data (unpublished). We grouped the 185 prey species into 15 prey categories based upon diet. Our prey data indicate that the diet of Big City peregrines differs from that of Coastal or Rural peregrines, with more than two times higher percentage of granivorous/opportunistic birds (e.g., "introduced feral" pigeons, mourning doves, starlings).
Why the striking difference in PBDE patterns in Big City versus Coastal peregrines? The major PBDE "starting materials" in both the terrestrial and marine food webs are the same, with BDE-209 the dominant PBDE congener in both marine sediments and urban dusts. Why then are there such divergent PBDE patterns in the Big City versus Coastal peregrines, each at the top of their respective food web? We believe bioconcentration factors and stabilities of the higher versus lower PBDE congeners contribute, along with characteristics of the two food webs. In biota BDE-209 and the hepta-nona BDEs have lower rates of uptake and shorter half-lives (higher rates of debromination) than do the lower brominated PBDEs (33) . Thus, biota are enriched with lowerbrominated PBDEs relative to higher-brominated congeners with each biological transfer, as well as over the passage of time. Fewer biological transfers mean less preferential uptake of lower-brominated PBDEs against BDE-209; and shorter residence times mean less breakdown of BDE-209. Thus, the Big City food web, with fewer biological transfers, fewer (∼2) trophic levels, and shorter residence times than the marine food web, would favor the passage of BDE-209 from urban dust to urban peregrines. For example, since the urban pigeon's daily diet is food debris coated with BDE-209-containing urban dust, the Big City peregrine will eat an urban pigeon that consumed BDE-209 earlier in the day. The short residence time of the urban BDE-209 in the pigeon minimizes its metabolism to lower-brominated PBDEs. The single trophic level, and the two biological transfers, offer minimal barriers to uptake, and minimize the preferential uptake of lower-brominated PBDEs. The result is a relatively BDE-209 enriched Big City peregrine.
In contrast, the greater number of biological transfers and trophic levels in the marine food web favors preferential uptake of the lower-brominated PBDEs during passage up the food chain. Because of the many biological transfers, it takes much longer for the starting material of BDE-209 in marine sediment to reach the coastal peregrine, providing a greater opportunity for metabolism of the BDE-209 starting material to lower-brominated PBDEs. The result is a Coastal peregrine enriched with the lower-brominated PBDEs.
Possible Evidence of Debromination? PCB and PBDE congener patterns in eggs from a single California peregrine falcon, a "Big City" time-series bird nesting on Union Bank in downtown Los Angeles during 1987-1994, are shown in Figure 3 . As the bird aged, proportions of heavier-brominated PBDEs (BDE-209, -207) decreased and proportions of lesserbrominated congeners (BDE-153 and -183) increased ( Figure  3, top) . Similar changes with age in PBDE patterns were seen in several other time-series peregrines, with proportions of BDE-153 increasing as the birds got older. BDE-153 has a longer half-life than the other PBDEs (35) , and the increase seen with age could come from either uptake of the penta-BDE commercial mixture or from debromination of the higher-brominated PBDEs. The fact that the proportions of higher-brominated PBDEs decrease as the proportion of BDE-153 increases suggests that debromination is an important source. This change in PBDE congener patterns seen in Big City peregrines could have come from a change in prey (e.g., from urban to aquatic prey) as the birds aged, but this is not supported by our prey data (unpublished). We found a similar change in PBDE patterns (from higher-to lower-brominated PBDEs) in our study of serum PBDEs from fledgling versus adult urban kestrels: in younger vs older birds BDE-209 proportions decreased and proportions of higher-brominated PBDEs increased (10) . These data sets from peregrines and kestrels are consistent with metabolic debromination of BDE-209, and are supported by other studies (4, 35, 41, 42) . In contrast, PCBs behaved quite differently from PBDEs. PCB congener patterns were not nearly so varied as PBDEs at urban versus coastal nest locations (not shown), and PCB patterns showed no changes in the "time-series" peregrines as the birds aged (Figure 3, bottom) . These results suggest PCBs are in environmental equilibrium.
High levels of the higher-brominated PBDE congeners, especially in urban locations, permitted accurate measures of relative proportions of homologues in each of the hexa-nona congener classes. Based on the relative abundance of homologues in each of the hexa-nona congener classes (n ) 90 eggs), we postulated a pathway for the stepwise metabolic debromination of BDE-209 to BDE-153. This pathway involves sequential debromination at the meta-, meta-, ortho-, and ortho-positions (dark arrow), with intermediates of BDE-207, BDE-197, and BDE-183 ( Figure S1 ). In support of this, ratios of BDE-183, -197, and -207 in their homologue groups were higher than ratios found in commercial PBDE mixtures (3). In addition, new congeners (hepta-unknown and BDE-202), which are not seen in technical commercial mixtures (3), were found in California peregrine falcons. BDE-202 was also found in other U.S. peregrine studies (7, 42) .
In summary, we found California peregrine falcon eggs/ chicks contaminated with high levels of PBDEs, when compared to other wildlife. In other studies of wild birds, PBDE levels such as these were associated with a variety of significant toxicological effects (e.g., impaired growth, reduced brood size, long-term reproductive effects, and neurodevelopmental deficits) (33, 35, 43, 44) . Further, our data support the ideas that (1) BDE-209 exits consumer products to become an environmental contaminant; (2) BDE-209 bioaccumulates in wildlife (particularly in urban locations); and (3) BDE-209 undergoes metabolic debromination to the lower banned brominated PBDEs (e.g., BDE-153, -183).
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